In the present study the psychophysical detection threshold levels for mechanical stimulation of 32 prosthetic limbs were determined. Prosthetic limbs were anchored to the bone by means of an implant (n=17) or supported by a socket enclosing the amputation stump (n=15). Detection threshold levels were assessed for pressure and vibratory stimulation of the prosthesis and the limb at the contralateral side (control). Following vibratory stimulation, thresholds were increased on an avarage 20% for socket prostheses, but approached those of the control for bone-anchored prostheses. For pressure stimulation, thresholds were increased up to 60% for socket prostheses and 40% for bone-anchored prostheses compared to the control. While bone-anchored prostheses yielded significantly lower threshold levels than socket prostheses, there was no significant difference between both treatments regarding pressure stimulation. Results were applicable to both upper and lower limb amputees. It could be concluded that detection thresholds for pressure and especially vibratory stimulation of prosthetic limbs were generally higher than for control limbs. The outcome was related to the prosthetic limb design with bone-anchored prostheses yielding better perception than socket prostheses.
Introduction
It is well-known that relatively gross motor activities may be carried out by using stored motor programmes. Such motor programmes can be refined during their execution by somatosensory feedback from receptors in for example the skin, the muscles and the joints. This refinement is needed for power grasping, precision and small-object manipulation, tissue protection and pressure perception (Beasly and de Bese, 1986; Marsden et al., 1984) .
In a limb, part of which has been amputated, the number of sensory receptors has been reduced and thus, somatosensory feedback mechanisms are impaired. Hence, co-ordinated motor activity and function are impaired. While it is impossible in the design of a prosthetic limb to restore all biological structures, it is of primary importance to restore the biological functions involving tactile sensing and motor control as much as possible. There have been several attempts to provide sensation for amputees by sensory substitution (Kaczmarek et al., 1991) . Sensory feedback systems used for limb prostheses may rely on pressure, electrotactile or vibrotactile skin stimulation (Kaczmarek et ah, 1991; Patterson and Katz, 1992; Kyberd et al, 1993) . Such substitution systems attempt to restore the tactile function of the limb as much as possible, but the optimal prosthetic substitution system has not yet been developed.
Even when a sensory substitution system is not provided, amputees may use sensory information transmitted through the prosthesis as a feedback pathway. When the stump is close to the electric motor of a prosthesis with vibrotactile feedback, a patient can easily feel it vibrating and use it as a feedback pathway (Kyberd et al, 1993) . This patient can thus be trained to optimise function with his rehabilitated limb using continuous sensory feedback providing information on the actual movement (Herman, 1973) .
Patients with amputated limbs may be rehabilitated with a conventional socket prosthesis (soft tissue support) or a prosthesis anchored to the bone by means of a percutaneous osseointegrated implant (direct bone-implant contact) (Branemark et al, 1996) . It has been reported that patients with amputated limbs rehabilitated with a bone-anchored prosthesis seem to have a subjectively improved ability to feel through their prosthesis and the anchoring implant in the bone (Branemark et al, 1996; Branemark et al, 1997) . This phenomenon has been described by Branemark and denoted as "osseoperception" to indicate the perception of different mechanical stimuli upon stimulation of the prosthetic limb or the anchoring implant (Branemark, 1997; Rydevik, 1997) . It might be hypothesised that amputees rehabilitated with a bone-anchored prosthesis could apply the "osseoperception" mechanism to partly restore the sensory feedback pathway, which is continuously needed during motor function.
The aim of the present study was to gain more insight into the osseoperception phenomenon and to obtain more information on the somatosensory feedback mechanisms with prosthetic limbs. An attempt was made to assess the psychophysical threshold levels for vibrotactile or pressure stimulation of prosthetic limbs using either bone anchorage or soft-tissue support.
General method Subjects
Thirty-two (32) patients (including 4 females; age range 24-63; mean age 41), who had undergone limb amputation (16 upper limbs, 16 lower limbs) on average 13 years ago (SD 12), were studied. Seventeen (17) of the amputated limbs (9 upper limbs, 8 lower limbs) were rehabilitated with prostheses anchored to the bone by means of 1 (-2) osseointegrated implant(s) according to Branemark (1997) (group A; 2 females; age range 25-63; mean age 43). The other fifteen (15) amputated limbs (7 upper limbs, 8 lower limbs) were rehabilitated with a socket prosthesis enclosing the amputation stump (group B; 2 females; age range 24-60; mean age 35). All prosthetic limbs were designed according to the same concept by a well-trained orthopaedic engineer. Ethical approval was obtained and all subjects gave their informed consent to participate in this research in accordance with the Declaration of Helsinki.
Parts of the material in the present manuscript have been reported previously (Jacobs et al, 1998) .
Experiment 1
In Experiment 1, psychophysical detection threshold levels were determined for pressure stimulation of the prosthetic and normal limbs. Pushing forces were also applied to the part of pushing device computer Fig. 1 . Tactile detection thresholds were determined for pushing forces applied to the thumb (A) or the foot sole (B) of the prosthetic and normal limb of each amputee. Computerised equipment (computer, pushing device) elicited a continuous axially directed static force by establishing a contact between the stimulating rod and the tested limb, prior to stimulation. The amplitude of the pushing force could be influenced by the signals of a remote control, operated by the patient.
the bone-anchored implant which penetrated the skin (group A: bone anchorage) or to the skin of the amputation stump (group B: soft tissue support). Apparatus: Stimulation was achieved by means of a probe (stimulation area: 5mm 2 ), connected to the moving rod of a magnetic coil (Binder magnetic coil 24VDC 100%ED, Bintz Technics, Zaventem, Belgium) ( Fig. 1 ). The pushing device was driven by a 486 IBM compatible computer through an AD/DA card (model AT-MIO-16H-9, National Instruments Corporation, Austin, TX, USA). The applied force level was calibrated in advance using a force transducer (stimulus intensity: 0-25N). The amplitude of the pushing force could be influenced by the signals of a remote control, operated by the patient. The remote control consisted of a press button, controlled by hand or foot and connected to the computer by means of the AD/DA card.
Stimuli: For psychophysical threshold determination, the up down method was applied, which allowed the authors to keep the stimulus amplitude near the detection threshold (Falmagne, 1985) . The psychophysical up down method implied that subjects could modify the amplitude of the applied force (step size: 0.01N) by pressing on the remote control button when perceiving the pushing force and releasing it after this sensation had disappeared. When pressing the button down, the force amplitude was decreased. After releasing the button, the amplitude was increased again. After 16 reversals of stimulation order, the detection threshold could be calculated (mean value of the extremes, in N). Tactile detection thresholds were determined for pushing forces applied to the prosthetic and normal limb of all amputees. As a stimulation site, the distal phalanx of the thumb was chosen for upper limb amputees and the sole of the foot for lower limb amputees. In a preliminary experiment, these locations were found the most reliable for axial mechanical stimulation of the prosthesis. The stimulus was also applied axially to the implant (group A) ( Fig. 2) or the anterior side of the stump (group B), and to the contralateral limb at the same level.
Procedure: Subjects were seated comfortably in a chair in a quiet room and provided with headphones to reduce any extraneous noise. The upper limb amputees were instructed to place computer P ushin 9 device Fig. 2 . Detection thresholds were determined for pushing forces applied to the osseointegrated implant in the skeletal bone. Computerised equipment (computer, pushing device) elicited a continuous axially directed static force by establishing a direct contact between the stimulating rod and the tested implant by using an adaptable connector. The amplitude of the pushing force could be influenced by the signals of a remote control, operated by the patient. By transmission of the pushing force from the implant to the bone, deformation of the bone, periosteum or skin could lead to receptor activation. their arm horizontally on the testing table with the thumb touching the stimulating rod of the pushing device. For the lower limb amputees, the foot had to be placed on a foot rest with the foot sole in contact with the stimulating rod of the pushing device. The tested limb was immobilised in a padded splint by means of straps and the pushing device was rigidly fixed to the same table. An axially directed static pushing force (force application rate: lN/s) was produced by establishing a contact between the stimulating rod and the tested limb using a connector, prior to stimulation. To allow stimulation of the prosthetic components, static indentation corresponding to the thickness of the cosmetic cover was obtained (depth: lmm). In analogy, the finger was pressed against the stimulation rod to obtain a static indentation depth of the skin of lmm, which allowed stimulation of receptors located in the underlying tissues. Mechanical stimulation was started after the subject had adapted to the indentation. Each subject underwent two trials for the prosthetic and normal limb respectively, with each trial lasting approximately 2 minutes and a 5 minute interval between the trials. Prior to the actual experiment, a few trials were carried out to familiarise the subjects with the experimental set-up.
In a preliminary experiment, the reliability of the experimental set-up was assessed on 5 normal subjects on 2 different days with a twoday interval.
Experiment 2
In Experiment 2, psychophysical detection threshold levels were determined for vibratory stimulation of the prosthetic and normal limbs. In a group A, vibratory stimuli were also applied to the part of the anchoring implant which penetrates the skin. In group B, stimuli were applied to the skin of the amputation stump.
Apparatus: The concept for this technique was introduced by Lundborg et al. (1986; 1992) . These researchers have shown that a modification of Bekesy audiometry can be used as a non-invasive semi-automatic system for vibrotactile assessment of hand function. In the present study, the methodology was modified to allow vibrotactile detection threshold determination following stimulation of endosseous implants (Stenfelt et al., 1996) . In addition to implant testing, the equipment allowed determination of the vibrotactile detection threshold of the normal and prosthetic limbs. An ordinary IBM compatible personal computer was equipped with an AD/DA card. The output signal from this card was fed through a power amplifier and then connected to a vibrator. Stimulation of the normal and prosthetic limbs was obtained with the pin extension (stimulation area: 7mm 2 ) of a vibrator (vibrator Model V4, Gearing and Watson Electronics, Ltd, Hailsham, East Sussex, England) ( Fig. 3 ). Vibratory stimulation of the implant was achieved using a modified boneanchored hearing aid (HC-220, Nobel Biocare AB, Goteborg, Sweden), which could be rigidly fixed to the implant (Fig. 4 ). Since vibratory stimulation of normal and prosthetic limbs or implants produces a variable force on the vibration pin, a force transducer (Dytran model 1051VI, Dynamic transducers and Systems, Chatsworth, CA, USA) was attached to it. This transducer measured the force level delivered by the vibration exciter. Stimuli: The method for vibrotactile threshold determination corresponds to the aforementioned methodology for assessment of the tactile detection threshold for pushing. The amplitude of the vibrations could be influenced by the signals of a remote control, operated by the patient. The amplitude step-size was set at 0.2dB/s. After 16 reversals of stimulation order, the vibrotactile threshold could be measured as a force level expressed in dB (F dB ) relative to |xN (F^) using the formula: F^N=10 (FdB ' 20 'xl0"N Procedure: Vibratory threshold determination was carried out on the normal and prosthetic limb of all amputees. Subjects were seated comfortably in a chair in a quiet room, provided with headphones to reduce any extraneous noise. They were instructed to place their foot sole or thumb on the testing table with the midpoint of the foot sole or distal phalanx of the thumb touching the tip of the pin of the vibration (see Fig. 3 ). This pin was located in the centre of a small hole in the testing table (50mm 2 ) and delivered vibrations perpendicular to the tested limb. The static indentation depth was lmm and the adjacent skin or cosmetic cover touched the surrounding testing table. The stimulus was also applied on the implant (group A) ( Fig. 4) or the skin of the amputation stump (group B) and the contralateral limb at the same level. Hence, each subject underwent 4 trials, 2 for the prosthetic and normal limbs at the level of the hand (foot) and the stump (implant) respectively, with each trial lasting approximately 6 minutes. During each trial, 6 single frequencies (8, 16, 32, 64, 125, 250Hz) were applied in a random order at a stimulus rate of 0.2dB/s. Prior to the actual experiment, a few trials were carried out to familiarise the subjects with the experimental set-up. In a preliminary experiment, the reliability of the experimental set-up was assessed on 5 normal subjects on 2 different days with a two-day interval.
General data and statistical analysis
Detection threshold level values were established for both pressure and vibrotactile stimulation. Statistical analyses were carried out with a 5% significance level using SPSS (Statistical Package for Social Sciences, version 5.0.1. for PC, SPSS Inc., Chicago). The testretest reliability was obtained from double registations in the same subjects. It was expressed by the % coefficient of variation (CV), using the following equations: X™ n =Z(X,+X 2 )/2 (eq. 1) SE=VZ(X,-X 2 )V2n (eq. 2) %CV=(SE/X™»)xl00 (eq. 3) X,, X 2 being the first and the second measurement of the double registration.
Wilcoxon Matched Pairs tests were applied to test the difference between normal and prosthetic limbs regarding the detection threshold levels at the level of extremities and the implant or stump respectively. A patient's contralateral side provided appropriate reference values on sensory function, assuming no difference between the sides in healthy subjects (Peripheral Neuropathy Association, 1993) . Furthermore, a Mann-Whitney U test was used to compare prosthetic limbs with bone anchorage (group A) or soft tissue support (group B) with regard to the pressure and vibrotactile threshold levels. Analyses were performed for upper and lower limb amputations separately.
Results
Perliminary experiments on 5 subjects indicated that the detection threshold levels for pushing and vibratory stimulation remained stable when tested on 3 different days. The testretest reliability was expressed by the Coefficient of Variation in percentage (% CV). For stimulation of the foot sole, 4% CV was obtained for vibration and 3% CV for pushing. For stimulation of the thumb, these values were 3% and 2% respectively. In the actual study, a large inter-subject variability was noted.
The detection threshold levels for vibration and pushing from a patient with a bone-anchored prosthetic arm are presented in Figs. 5A and 5B. For both intra-individual and inter-group comparisons, an overview of the significance level is provided in Table 1 . These results were applicable to arm as well as leg amputees.
With regard to intra-individual comparisons, threshold for pushing and vibration were not significantly different for the implant (group A) or the amputation stump (group B) and the contralateral limb at the same level. The same applied to vibratory stimulation of the boneanchored prosthesis and the contralateral normal limb (group A, Wilcoxon Matched Pairs Test, p > 0.1). However, in group B, vibrotactile thresholds showed a significant increase of approximately 20% compared to normal (69.0-76.2Hz).
Following pressure stimulation (^pushing) of the prostheses, intra-individual differences showed a significant increased threshold level for both the socket (4.7-15.8N) and bone- Fig. 5 . Presentation of the sensory function of a single patient rehabilitated with an arm prosthesis anchored by means of two osseointegrated implants (one in the ulnar bone, and one in the radial bone). (a) The detection thresholds for pushing were elevated for the bone-anchored prosthesis and to a lesser extent, for the implant in the ulnar bone. For the radial implant however, threshold levels were very similar to those of the normal arm. (b) In the same patient, the detection threshold levels for vibratory stimulation of his bone-anchored prosthesis were in the same range as those for the normal arm. Individual stimulation of the implants yielded much lower threshold levels, especially for the implant in the ulnar bone.
anchored prostheses (4.5-4.7N) as compared to the contralateral control limb (2.0-6.3N) (Wilcoxon Matched Pairs tests; p<0.05). An overall increase of the thresholds was noted for the whole group of prosthetic limbs with an increase up to 60% for socket prostheses but only 40% for bone-anchored prostheses. With regard to the inter-group comparison (group A versus group B, Mann-Whitney U test), detection threshold levels for vibratory stimulation of the bone-anchored prostheses (73.1Hz-84.7Hz) remained significantly below those for socket prostheses (84.9Hz-95.4Hz) (p<0.05; Fig. 6 ). For pressure stimulation of the prostheses, no significant difference was noted between groups A and B (p<0.05; Fig. 7) . For pushing and vibration of the implant and the stump, detection thresholds were not significantly different (p>0.1).
Discussion
The recent introduction of percutaneous bone-anchored implants offers for the first time a model for applying mechanical stimuli direct to the bone (Branemark et al. 1996) . This permits the evaluation of the psychophysical detection threshold for mechanical stimulation of the bone. In the present study, vibratory and pressure stimulation were applied to prosthetic limbs with either bone anchorage (group A) or soft tissue support (group B). Mechanical stimulation was also applied to the skin of the amputation stump for socket prostheses or the implant for bone-anchored prostheses. Threshold levels for pushing were expressed in N and those for vibrotactile stimulation in dB relative to (xN. Despite the fact that acceleration thresholds (in dB) are often used for vibrotactile threshold determination of the skin, force thresholds seem to give a more unbiased result of the measurements for the present experimental set-up. This was confirmed by the results of mechanical impedance testing of an osseointegrated implant, a prosthesis and a (a) (b) Fig. 6 . The relative detection threshold levels for vibrotactile stimulation are indicated for both upper and lower limb amputees. Thresholds for stimulation of a prosthetic limb are expressed as a proportion to the threshold level for stimulation of the control limb (=scorel). Increased threshold levels are thus indicated by scores greater than 1. (a) Vibrotactile detection threshold levels for the bone-anchored arm prostheses (group A) approached the normal threshold levels and were significantly lower than for the conventional socket prostheses (group B). (b) In lower limb amputees, vibrotactile detection threshold levels for the bone-anchored prostheses (group A) were significantly lower than for the conventional socket prostheses (group B).
normal foot (Stenfelt etal, 1996) .
The present study has shown that detection threshold levels for direct mechanical stimulation to the part of the bone-anchored implant which penetrates the skin, were comparable to those for stimulation of the normal limb. Some of the intra-individual and inter-group differences were found not to be significantly different. It should be noted however that the sensibility of the statistical analysis was decreased by 1) the limited number of observations and 2) the large inter-subject variability observed. Indeed, a large intersubject variability is usually noted in threshold determination experiments (Aaserud et ah, 1990) . It should also be stressed that the material included different amputation levels, which evidently led to an increased variability. Yet, the high test-retest reliability obtained from subjects tested on different days reflects the precision of the method. Indeed, when a psychophysical experiment is carried out very accurately using a Iis standardised set-up, the neuronal detection threshold is linked to tissue mechanics and seems to match the psychophysical detection threshold (Vallbo and Johansson, 1984; Van Doren, 1989) . Stimulation of the implant or the stump yielded detection threshold levels, which approached those noted for the contralateral limb at the same level, but stimulation of a prosthesis involved increased threshold levels. With regard to pressure stimulation of a prosthesis, a significantly increased threshold was noted for both the socket and bone-anchored prostheses. Thresholds increased up to 60% for the socket prostheses and 40% for boneanchored prostheses when compared to the normal contralateral site. Following vibratory stimulation of the socket prostheses, threshold levels were increased approximately 20% (dBscale relative to lmN) compared to normal. Nevertheless, for vibratory stimulation of the bone-anchored prostheses, threshold levels Fig. 7 . The relative detection threshold levels for pushing are indicated for both upper and lower limb amputees. Thresholds for stimulation of a prosthetic limb are expressed as a proportion to the threshold level for stimulation of the control limb (=score 1). Increased threshold levels are thus indicated by scores greater than 1. (a) For the whole group of arm amputees, detection threshold levels for pushing were lower for bone-anchored (group A) than for socket prostheses (group B), although this difference was not significant. Thresholds for prosthetic limbs in groups A and B were however significantly higher than for the contralateral normal site (b) For the whole group of leg amputees, detection threshold levels for pushing were somewhat lower for the boneanchored prostheses than for the conventional socket prostheses, although this difference was not significant. Thresholds for prosthetic limbs in groups A and B were however significantly higher than for the contralateral normal site.
approached those for the normal limb and remained significantly below those for socket prostheses. These findings clearly reflect an improved sensory function with the boneanchored prostheses. This phenomenon has been described earlier and denoted as osseoperception (Branemark, 1997) . It may offer new perspectives for further development of limb prostheses. Amputees may feel mechanical stimuli through the bone-anchored prosthesis, which implies that the prosthetic limb may be represented in the sensory cortex. Restoring the somatosensory feedback pathways, may allow a more natural function with the prosthesis, reducing the risk for overloading of the prosthesis and the implant. Such a prosthetic design could meet the requirements for many patients, because the prosthesis is reliable and easy to use (Herberts and Kb'rner, 1979) . The finding that detection threshold levels were close to normal for the implant or the stump but increased for the prosthesis, indicated that the sensory loss was accounted for by the components of the prosthetic limb. This assumption was verified in a preliminary experiment, where an objective mechanical impedance test substantiated dampening of the frequencies through the prosthetic components. The fact that perception of the stimuli through the prostheses remained feasible, suggests that the residual mechanical stimulus was large enough for receptor activation.
During mechanical stimulation of the skin, cutaneous receptors are most likely to be activated (Bolanowski et al., 1988; Bolanowski et al, 1994; Moss-Salentijn, 1992) . During mechanical stimulation of a socket prosthesis, it could be postulated that the residual stimulus transmitted through the prosthesis might also activate cutaneous receptors, namely those at the stump in contact with the socket. During mechanical stimulation of a bone-anchored prosthesis however, the relative contribution of different receptor groups remains to be determined. It could be that direct transmission of mechanical stimuli from the implant to the bone, activates more distant receptors through bone conduction, which may compensate for sensory loss of the amputee. Different receptor groups might be activated by pushing and vibratory stimulation of a prosthesis and its bone-anchoring implant.
Pushing may lead to direct transmission of the pressure from the implant to the bone. When the pressure build-up in the bone is large enough, deformation of the bone and presumably also of the periosteum occurs. Bone deformation may lead to activation of intra-osseous or periosteal receptors. The human periosteum contains encapsulated receptor endings involved in pressure sensation (Ralston et al, 1960; Jackson et al., 1966) . The involvement of bone innervation in mechanoreception remains however a matter of debate (for review see Herskovits et al., 1990) . Following vibratory stimulation of the endosseous implant, receptors in the periimplant tissues as well as more distant receptors could thus be activated. Periosteal mechanoreceptors have a high sensitivity to vibration at around 100-300Hz (Sakada and Aida, 1971) . The vibration sensitivity of intraosseous receptors has not yet been described. Cutaneous mechanoreceptors are also likely to respond to vibratory stimulation (Bolanowski et al., 1988; Bolanowski et al, 1994) . Depending on the receptor type, cutaneous mechanoreceptors may be responsive to mechanical oscillations of the skin of frequencies 1) below 5Hz; 2) ranging from 5 and 40Hz or 3) between 100-300Hz (Johansson and Vallbo, 1983) . Joint receptors may also be responsive to vibrations (Zimny, 1988) , whereas muscle spindle primary endings are less likely to be activated by the range of vibratory stimuli applied in the present study (Brown et al, 1967; Burke et al, 1976; Roll et al, 1989) .
Conclusions
From the present results, it was concluded that upon vibratory or pressure stimulation of a prosthetic limb, sensory information is lost to a different extent when using bone anchorage or soft-tissue support. Following vibratory stimulation, thresholds were increased on an average 20% for socket prostheses but approached the threshold levels of the control limb for bone-anchored prostheses. With regard to pressure stimulation, thresholds were increased up to 60% for socket prostheses and 40% for bone-anchored prostheses compared to the control limb. It was concluded that the thresholds were influenced by the prosthetic limb design with the bone-anchored prostheses yielding better perception than the socket prostheses.
The remaining sensory information was sufficient to activate receptors at the stump level. Especially for the bone-anchored prostheses, this could imply that receptors activated by mechanical stimulation through the prosthetic limb might be represented in the sensory cortex. This might help in restoring the peripheral feedback circuit to allow a more natural function and to avoid overloading.
